Positive interactions are defined as non-trophic interactions where at least one of the interacting species is benefited in terms of fitness and the other remains unaffected. Nevertheless, the bidirectional feedbacks between species may be positive, neutral or negative. Thus, if facilitated species induce negative effects on their 'nurses', the assumed definition of positive interactions could be reconsidered.
iNTroDuCTioN Positive interactions are defined as non-trophic interactions where at least one of the interacting species is benefited in terms of fitness while the other species remains unaffected (Bruno et al. 2003; Callaway 1995) . Positive interactions have been proposed to be as important as competition in harsh environments and their relevance tends to become higher than competitive interactions as environmental stress increases (Bertness and Callaway 1994; Brooker and Callaghan 1998; Maestre et al. 2005) .
Positive interactions have been documented extensively in many ecosystems worldwide; but alpine ecosystems are largely one of the most studied (Callaway et al. 2002; Cavieres et al. 2008; Reid and Lortie 2012) . These high elevation systems are characterized by extreme temperatures, low water and nutrient availability and a short growing season (Körner 2003) . Several studies have shown that cushion-forming plants are one of the better-adapted growth forms to the harsh environmental conditions in high mountain habitats (see Körner 2003) . It has been shown that cushion plants ameliorate the abiotic conditions directly over and within their canopy compared to the surrounding open areas, acting as 'nurses' for other plant species inhabiting these communities Cavieres et al. 2008; Reid et al. 2010) .
For instance, several studies and reviews have documented that different cushion plant species inhabiting alpine environments are 'effective nurses', since they provide a set of microclimatic conditions that increase seedling survival, shoot biomass, seed production and enhance the physiological performance of nurse-associated plant species (Arroyo et al. 2003; Cavieres et al. 2008; Reid et al. 2010) . Nonetheless, up to now the possible effects that facilitated species might have on the nurse cushions have been less evaluated, discarding negative feedback effects of facilitated species on their benefactors (but see Cranston et al. 2012; Michalet et al. 2011; Schöb et al. 2014a, b) . Thus, the effects induced by facilitated species on the facilitators should be quantitatively assessed in order to determine possible negative impacts on nurse plants. In such case, it will be necessary to consider the bidirectional aspects of this 'positive interaction' at least for cushion plants in high mountain environments. From this perspective, three scenarios are possible: (i) the presence of the facilitated species could positively affect the performance of the cushion plants, (ii) the presence of the facilitated species may have a neutral effect on the performance of the cushion plants or (iii) the presence of the facilitated species could negatively affect the performance of the cushion plants. If either of the first two predictions is true, these interactions can be claimed as a true and strict positive interaction (i.e. facilitation), surpassing the negative effects of competition. On the other hand, if the third prediction is true, the assumed positive interaction between cushions and their associated species would only be an artifact consequence of experimental limitations. Such limitations include the assumption of positive or neutral effects and the lack of quantitative ecophysiological measurements of the putative bidirectional effects between interacting species. We evaluated these three predictions in a well-known high mountain ecosystem in the Andes of central Chile. We tested whether the presence of a facilitated species result in any costs-measured as photochemical performance-for the energetic budget of cushions of Azorella madreporica. Since negative effects (competition) can be inferred by chlorophyll fluorescence parameters (Molina-Montenegro et al. 2012) , and these parameters are considered as a good proxy of fitness (Molina-Montenegro et al. 2013) , we compared chlorophyll fluorescence traits in cushions with and without removal of all facilitated individuals growing associated to them. Specifically, we addressed the following questions: (i) Does the presence of the 'facilitated species' have any cost for the cushions? And if so, (ii) Does the cost for the cushions increase as cover (measured as biomass accumulation) of all facilitated species increases?
Here, we provide evidence that the 'facilitated species' involve a cost for the 'nurse plants' and the magnitude of this cost is positively correlated with the accumulation of plant biomass (increase cover) of facilitated species on top of the nurse plants. This evidence suggests that positive interactions in plant communities in the Andes of Chile should be reassessed, considering the bidirectional feedback to predict the ecological and evolutionary impacts of interactions previously reported as facilitation (Schöb et al. 2013 ).
mETHoDs

Study site and target species
Our study was conducted during the growing seasons of 2006-2007 and 2013-2014 in three sites located in the Andes of central Chile. Two sites were located ca. 50 km east of the city of Santiago (33°S), while the third site was located ca. 150 km east of the city of La Serena (29°S). The first study site was located at 3200 m, with a mean annual precipitation estimated to be 943 mm with snow present from May to late October, and occasionally as early as April and as late as December (Santibáñez and Uribe 1990) . Mean monthly air temperature during the growing season ranges from 3°C in October to 7.6°C in February (Cavieres and Arroyo 1999) . The second study site was located on the top of the Franciscano hill at 3600 m; there climate is typically alpine, with strong influence of the Mediterraneantype climate that prevails in lowlands (Di Castri and Hajek 1976) . In winter, mean annual air temperature is 1.7°C, with absolute minimum of −15.0°C (Cavieres and Arroyo 1999) . In summer, mean annual air temperature is 6.8°C and the absolute maximum is 17.0°C (Cavieres and Arroyo 1999) . Mean annual precipitation ranges from 500 to 900 mm, occurring mainly as snow during winter months (Santibañez and Uribe 1990) . The third study site is located at 3900 m, with a mean annual precipitation estimated to be 200 mm falling predominantly as snow between late April and early June (Cepeda and Novoa 2008) . Mean monthly air temperature during the growing season ranges from ca. 3°C in October to ca. 8.5°C in February (Cepeda and Novoa 2008) .
The target species, A. madreporica Clos (Apiaceae), is a conspicuous cushion plant present in all three study sites. This species is a very flat and tightly knit dioecious cushion species that occurs widely throughout the alpine zone of Chile. Vegetative growth commences as soon as the ground thaws, and flowering occurs in mid-January; the leaves die at the end of the growing season (Alliende and Hoffmann 1985) . The perennial herbs that commonly grow associated with this cushion plant species are Taraxacum officinale, Cerastium arvense, Bromus sp., Senecio spp., Hordeum commosum and Nassauvia aculeata, as well as some prostrate shrubs such as Chuquiraga oppositifolia and Berberis empetrifolia. 
Manipulative experiment
During the 2006-2007 growing season (austral summer), a total of 50 and 40 cushions between 40 and 60 cm diameter were randomly selected in site 1 (3200 m) and site 2 (3600 m), respectively. In each site, half of cushions were assigned to the harvesting treatment, in which the entire aboveground biomass of the plants growing on top of the cushions was removed. The remaining half of cushions was assigned to the control treatment (all plants growing on top of the cushions remained intact). We measured the physiological performance of each selected cushion to evaluate the positive, null or negative effect of facilitated species on cushions and the amount of aboveground biomass of facilitated species as a continuous covariable of stress for cushions.
To assess the effects of the presence of 'facilitated species' on the performance of 'cushion plants', we determined in situ the physiological performance, measured as photosynthetic efficiency of PSII (Fv/Fm), in experimental (facilitated plants removed) and control (not removed) cushions. This physiological parameter was measured using a pulse-amplitude modulated fluorometer (FMS 2, Hansatech, Instruments Ltd, and Norfolk, UK). One group of leaves from each individual of A. madreporica was darkened for 30 min using a plastic blackbox (20 × 15 × 10 cm) to obtain open PSII reaction centers, and Fv/Fm was obtained following standard procedures. We considered photosynthetic efficiency (Fv/Fm) of PSII as the physiological performance parameter; where Fv = [Fm -F 0 ], Fm = maximum fluorescence yield and F 0 = minimum fluorescence yield (Maxwell and Johnson 2000) .
In addition, to evaluate whether the potential cost of the presence of the 'facilitated species' for 'cushion plants' increases with the amount of biomass of the facilitated species, we calculated the relative interaction index (RII; Armas et al. 2004 ). This index represents the relative value of an A. madreporica 'trait' growing with and without the presence of facilitated species on its canopy. RII has values ranging from −1 to 1, is symmetrical around zero and is negative for competition and positive for facilitation (see Armas et al. 2004) . Thus, if this interaction has costs for the cushion, it is expected that with greater biomass of facilitated species the value of the RII will tend to be more negative. In order to estimate this index, we compared Fv/Fm before and 170 and 96 h after the removal of the biomass of facilitated plants growing above the cushions at 3200 and 3600 m, respectively. All measurements were conducted independently for each cushion. Due to logistic difficulties, physiological measurements conducted in the three sites were 1 week apart from each other and with different measurements frequency. At 3200 m, Fv/Fm was recorded at 0, 24, 48, 96 and 170 h after the beginning of the experiments; at 3600 m, Fv/Fm was recorded 0, 24, 48 and 96 h after the beginning of the experiments. The total aboveground biomass extracted from the harvesting treatment was oven-dried for 48 h at 70°C and then weighed using a digital balance.
During the 2013-2014 growing season, we selected 30 cushions of A. madreporica in the third site (3900 m; 29°S) to assess the consequences of facilitated plant species on the fitness of cushion plants via a relationship network. We used a path analysis to quantify the direct relationship network between shoot biomass and facilitated plants richness on fitness of cushions. We also evaluated possible indirect effects of facilitated species on fitness of cushions (measured as flower production). Indirect effects were estimated through the nutritional status and physiological performance of cushion plants. For each cushion plant (50-70 cm of diameter), we recorded the number of flowers produced during the growing season (December to March). This was done using digital photographs of each cushion taken at 1 m above the ground. Photographs were then analyzed by an image-processing and analysis program (Image-J; version 1.48) which calculates the number of particles in a photograph. The cover shoot biomass and richness of facilitated species were evaluated three times during growing season as described above. In addition, available foliar nitrogen and photosynthetic efficiency (Fv/Fm) of A. madreporica were also measured during the growing season. Foliar nitrogen was estimated using a combustion furnace (FP 2000, Leco Corp., MI, USA), and the leaf area required for standardization of foliar nitrogen content was obtained from a calibrated leaf area meter (LI-3100, Licor Inc., NE, USA). The photosynthetic efficiency (Fv/Fm) was measured with a field fluorimeter (FMS 2, Hansatech, Instruments Ltd, and Norfolk, UK) as described above. In addition, to construct the relationship network in the path analysis, we used the cover shoot biomass and richness of facilitated species, as well as averaged values of flower production, Fv/Fm and foliar nitrogen of cushion plants during the growing season.
Statistical analyses
The photosynthetic efficiency (Fv/Fm) of control and experimental (harvested) cushions was compared by repeated measures analysis of variance (ANOVA), with Fv/Fm as the dependent variable and harvesting treatment (control) as the response variable. The relationship between the RII-calculated from the Fv/Fm values before and after biomass releaseand the aboveground biomass was evaluated by a regression analysis. The relationship between foliar nitrogen, photosynthetic efficiency (Fv/Fm), flower production recorded during the growing seasons and cover shoot biomass of facilitated species in the third site was also evaluated by regression analysis. To calculate the correlations, we considered the average values for each trait recorded during the growing seasons. For all ANOVAs, the assumptions of normality and homogeneity of variances were tested using the Shapiro-Wilks and Bartlett tests, respectively (Sokal and Rohlf 1995) . All analyses were conducted separately for each elevation. Since correlation analysis simply measures the relationship between two traits, and cannot elucidate the related mechanisms between them, we used path analysis to assess quantitatively the relationship network between shoot biomass and richness of plant cover, at Universidad de Talca on March 24, 2016 http://jpe.oxfordjournals.org/ Downloaded from nutritional status of cushions (nitrogen availability), photosynthetic efficiency (Fv/Fm) and flower production. This analysis can dissect the correlation coefficient into direct and indirect effects, and quantify the relative contribution of each component to the overall correlation (Mitchell 1992) . Path coefficients among variables were estimated from standardized regression coefficients (Sokal and Rohlf 1995) using the structural equation modeling program SPSS/AMOS.
rEsulTs
Photosynthetic efficiency (Fv/Fm) was significantly higher in cushion plants in which facilitated plants were removed compared to control cushions at both 3200 and 3600 m (F 1,48 = 274.85; P < 0.001 and F 1,38 = 143.67; P < 0.001, respectively; Fig. 1 ). In addition, at both 3200 and 3600 m, the interaction between treatment and time was significant (F 4,192 = 48.23 ; P < 0.001 and F 3,114 = 23.94; P < 0.001, respectively); although the photosynthetic efficiency (Fv/Fm) showed an increase over time, this trend was evident only in those cushions with no facilitated plants on their canopy (Fig. 1) . Also, at both 3200 and 3600 m, there was a negative correlation between the RII and the aboveground biomass of facilitated individuals (r 2 = 0.72; P < 0.01 and r 2 = 0.79; P < 0.01, respectively; Fig. 2) . These results indicate a negative relationship between the amount of facilitated plant biomass growing on top of cushions and the physiological performance assessed by the photosynthetic efficiency (Fig. 2) .
In the third site (29°S; 3900 m), available foliar nitrogen available did not change during growing season (F 4,116 = 73.54; P = 0.129, Table 1 ). In contrast, photosynthetic efficiency (Fv/Fm) and flower production significantly changed during the growing season (F 4,116 = 83.51; P = 0.046 and F 4,116 = 213.54; P = 0.011; Table 1 ). Fv/Fm and foliar nitrogen showed a negative and significant correlation with cover biomass of facilitated species (Table 1) . Similarly, there was a negative and significant relationship between flower production and cover biomass of facilitated species (Table 1) .
Path analysis explained a substantial amount (71%) of the observed fitness variation (Fig. 3) . Among the predictor variables, cover biomass of facilitated species had the strongest direct effect on flower production of cushions, followed by richness of facilitated species (Fig. 3 ). There is evidence of an indirect relationship between cover biomass of facilitated species and fitness of cushions through a putative effect of cover biomass of facilitated species on available nitrogen of cushions and its effects on physiological performance (Fig. 3) .
DisCussioN
The results of this study provide clear evidence that the presence of facilitated species has a significant negative effect on the physiological performance and flower production of a nurse cushion plant. This finding support the assumption that positive interactions (like facilitation) involve a cost for facilitating species, and should be assessed bidirectionally, considering the feedback between facilitated and benefactor species. To our knowledge, this is one of the few studies showing empirical evidence that cushion plants pay a cost for facilitating herbs. In addition, Schöb et al. (2014a) recently demonstrated in a global study the negative impact of cover biomass and richness of facilitated species on the fitness of cushion plants, suggesting that cushions that act as nurse species do so at a great cost.
By definition, 'positive interactions are encounters between organisms that benefit at least one of the participants and cause harm to neither' (sensu Bruno et al. 2003) . Although plant fitness was not directly measured in this study, some findings suggest that plant physiological performance is a good predictor of plant fitness (Arntz et al. 2000; Molina-Montenegro et al. 2013) . It has been shown that there a positive and significant relation between photosynthetic efficiency (Fv/Fm) and seed output in the invasive plant species T. officinale from 17 localities distributed in five continents (Molina-Montenegro et al. 2013) . Thus, if Fv/Fm can be a suitable proxy for plant fitness, the significant reduction in physiological performance of A. madreporica-the facilitating species-as a consequence of the presence of the facilitated perennial herbs would probably affect its fitness, at least in terms of its reproductive output. In fact, in one of the sites there were negative relationships between foliar nitrogen, Fv/Fm, flower production and cover biomass of facilitated species, suggesting that presence of facilitated species might negatively affect the fitness of cushions directly as well as mediated by a decrease in their physiological performance and nutritional status. Similarly, Schöb et al. (2014b) showed that three forb species improved their water status and seed set when associated with cushions of Arenaria tetraquetra, but the cushions of A. tetraquetra showed poorer water status and reduced flower density and seed set as the cover of facilitated species increased. Hence our results indicate that the particular case of the plant-plant interaction studied here (A. madreporica and its facilitated species) does not fit with the classic concept of facilitation, since the facilitated species benefited while the nurse species was negatively affected, suggesting that competition is to be considered, at least to some extent.
The underlying mechanisms implied in the cost of facilitation have hardly been addressed so far. Nevertheless, some studies have analyzed physiological traits that could clarify the reasons for reduced fitness for the benefactor in response to the association with beneficiary species (Armas Regression analysis between foliar nitrogen, Fv/Fm, flower production and cover biomass of facilitated species are shown. Pugnaire 2009; Holzapfel and Mahall 1999) . Both studies were performed in dry environments, indicating resource competition (e.g. water). We cannot rule out that competition for resources that could be reduced with an increased cover biomass of facilitated species such as water, light, nutrients or pollinators, may help explain the cost for nurses. We found a decrease in foliar nitrogen with increasing cover biomass and richness of facilitated species, suggesting that facilitated species may compete with cushions for nutrients in the soil. In addition, path analysis showed a positive relationship between foliar nitrogen and flower production mediated by the positive relation between foliar nitrogen and Fv/Fm. Thus, facilitated species would generate a cost for cushions, decreasing their fitness by affecting the nutritional budget available for cushions. Our results are in agreement with previous studies showing that a small increase in leaf nitrogen has positive effects on flower production and physiological performance of different plant species (Erel et al. 2008; Zhao et al. 2008) . Nevertheless, additional experiments should be performed to accurately address the mechanisms implied in the cost of 'facilitation' for cushions plants. From a conceptual view-point, our findings have at least two consequences: First, the positive interaction previously claimed for cushion plants and their associated facilitated plant species (Arroyo et al. 2003; Cavieres et al. 2002 Cavieres et al. , 2005 Cavieres et al. , 2006 Cavieres et al. , 2008 should be reclassified, because the theoretical outputs of this interaction (+/+ or +/0) are not met. A large number of studies conducted in alpine ecosystems worldwide (e.g. Cavieres et al. 2008; Reid and Lortie 2012; Schöb et al. 2014a) have indicated increase in fitness for the 'facilitated species' when growing associated with nurse species as an example of positive interactions (facilitation). However, since they disregarded the possible consequences of the presence of facilitated species on the fitness of the nurse species, assuming that their effects at least are null, they should be interpreted with caution. Second, a reconsideration of the facilitation concept could also arise from our findings; for instance, establishing an arbitrary limit to the magnitude of the reduction in fitness for the nurse species, considering the 'facilitation or positive interaction'. The role of cushion plants in driving the diversity of high elevation plant communities and their role as inhibitors of phylogenetic diversity losses (Butterfield et al. 2013 ) have been demonstrated. Hence, their net effect in driving community structure cannot be questioned. Consequently, and from this perspective, a newer and operational concept of facilitation could be much more useful than the current, more philosophical concept. Since the net effects of biotic interactions are the sum of negative and positive interactions (Brooker and Callaghan 1998) , we suggest renaming these interactions as 'positive-like' when the net effect throughout different scales or specific conditions is positive. For instance, an interaction among nurse and facilitated species could be only considered as a true positive interaction when: (i) more than half of the facilitated plant species in a community establish positive interactions, (ii) if at least in half of the distribution range in which a pair species interact the interaction is positive or (iii) if during ontogeny the relation is positive in most of the lifespan of a given species.
Future studies testing the presence of positive interactions should evaluate the costs of the presence of facilitated species on their putative nurse, in order to establish whether the positive interaction studied is a fact or an artifact. If more examples of negative impacts of facilitated plants on nurses are added to our results, supporting a more general phenomenon, facilitation should be assessed in terms of feedbacks between interacting species, including the whole range of bidirectional interactions in different spatial and temporal scales.
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